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Strigolactones (SLs), a class of the most recently
identified terpenoid phytohormones, play essential
roles in plant development, specifically in suppress-
ing shoot branching. MAX2, a subunit of an SCF E3
ligase and a positive regulator that inhibits shoot
branching, is likely a key SL signaling component.
Here, we provide genetic and biochemical evidence
to demonstrate that BES1 interacts with MAX2 and
acts as its substrate to regulate SL-responsive
gene expression. Additional AtD14, a putative
receptor of SLs, can promote BES1 degradation.
Knockdown of BES1 and its homologs dramatically
suppressed the branching phenotype of max2-1
mutant. These results portray an SL signaling
cascade from the putative receptor to downstream
transcription factors. In addition, we demonstrate
that the SL and brassinosteroid (BR) signaling
pathways distinctly regulate the same transcription
factor, BES1, to control specific developmental
processes.
INTRODUCTION
Strigolactones (SLs) have long been recognized as symbiotic
signals responsible for induction of seed germination of root
parasite plants and as branching factors for symbiotic arbuscu-
lar mycorrhizal (AM) fungi (Cook et al., 1966; Akiyama et al.,
2005). Recently, genetic and physiological evidence demon-
strated that plants produce SLs, which function as phytohor-
mones to repress shoot branching (Umehara et al., 2008;
Gomez-Roldan et al., 2008). Mutants deficient in SL biosynthesis
or signaling in diverse species including Arabidopsis thaliana
(more axillary shoot [max]), Pisum sativum (ramosus, rms), Oryza
sativa (dwarf [d] or high tillering dwarf [htd]), and Petunia hybrida
(decreased apical dominance [dad]), have similar enhanced
branching phenotypes (Beveridge and Kyozuka, 2010; Doma-
galska and Leyser, 2011). The first identified putative signaling
component is more axillary growth locus 2 (MAX2) in Arabidop-
sis. The enhanced shoot branching phenotype of max2 and theDevelopmeresults of reciprocal grafting experiments demonstrated that
MAX2 acts as a positive regulator that mediates SL responses
(Stirnberg et al., 2002; Booker et al., 2005; Gomez-Roldan
et al., 2008). MAX2 encodes an F box protein, a subunit of the
S phase kinase-associated protein 1-cullin-F box (SCF) type
ubiquitin E3 ligase, and is mainly expressed in parenchyma cells
of xylem (Stirnberg et al., 2007). It has been recently reported
that, in Arabidopsis, AtD14, an a/b-fold hydrolase, acting as a
putative SL receptor, can bind to GR24, a synthetic analog of
SLs (Zhao et al., 2013; Kagiyama et al., 2013), and decreased
apical dominance 2 (DAD2), an ortholog of AtD14 in petunia,
has the capacity to recruit PhMAX2A, an ortholog of MAX2,
in the presence of GR24 (Hamiaux et al., 2012). SLs also promote
membrane trafficking-mediated PIN1 depletion (Crawford et al.,
2010; Shinohara et al., 2013), but PIN1 unlikely serves a direct
MAX2 target due to their different subcellular localization
(Stirnberg et al., 2007; Crawford et al., 2010). In addition,
BRANCHED1 (BRC1), encoding a TCP transcription factor, is
specifically expressed in axillary nodes to inhibit branch
outgrowth and may act downstream in the SL signaling pathway
(Aguilar-Martı´nez et al., 2007). However, because AtBRC1 and
PsBRC1 act as positive regulators to inhibit shoot branching,
BRC1 protein may not be a degradation target of MAX2 (Agui-
lar-Martı´nez et al., 2007; Braun et al., 2012). Therefore, the sub-
strates of MAX2 and the nature of downstream components of
SL signaling pathway in Arabidopsis remain mysteries.
BES1 (bri1-EMS-suppressor 1), a positive regulator in
brassinosteroid (BR) signaling pathway, acts as a downstream
transcription factor to directly regulate BR-responsive gene
expression (Yin et al., 2002), and phosphorylation and dephos-
phorylation of BES1 is a major way to regulate its activity (Yin
et al., 2002; Vert and Chory, 2006). bes1-D (En2 background),
a gain-of-function mutant of BES1, in which both phosphory-
lated and dephosphorylated BES1 were greatly accumulated
due to a single mutation (proline to leucine at position 233) in
its PEST domain (polypeptide sequences enriched in proline
(P), glutamate (E), serine (S), and threonine (T), responsive for
protein degradation) (Rechsteiner and Rogers, 1996), showed
enhanced BR signaling outputs (Yin et al., 2002). However, a
recent study suggested that genes differentially regulated in
bes1-D are dramatically different from these BR-responsive
genes, and chromatin immunoprecipitation coupled with
Arabidopsis tilling arrays (ChIP-chip) experiments also indicated
that many BES1-targeted genes are not BR-responsive genesntal Cell 27, 681–688, December 23, 2013 ª2013 Elsevier Inc. 681
Figure 1. bes1-D Exhibits More Rosette
Branches and Is Insensitive to SLs
(A) Shoot branching phenotype of the 50-day-old
plants. Scale bar represents 10 cm.
(B) Shoot branch number of the 50-day-old plants.
Data are means ± SE (n > 15).
(C) GR24 sensitivity assays in shoot branching.
(D) GR24 sensitivity assays in hypocotyl length.
Data are means ± SE (n > 30).
(E) Relative expression levels of MAX3 and MAX4
in basal cauline internodes of the 7-week-old
plants. The expression levels of MAX3 and MAX4
in Col-0 and En2 were defined as ‘‘1.’’ Data are
means ± SE (n = 3).
(F) Relative expression levels of MAX3 and MAX4
in hypocotyls of the 4-day-old seedlings grown
under weak light. The expression levels of MAX3
and MAX4 in Col-0 and En2 were defined as ‘‘1.’’
Data are means ± SE (n = 3).
Student’s t tests were used to determine signifi-
cant levels of the indicated comparisons. Signifi-
cant levels: ***p < 0.001; *p < 0.05; n.s., no
significance. See also Figure S1.
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BES1 Is a Critical Component in SL Signaling(Yu et al., 2011). Therefore, BES1 may also directly participate in
other signaling pathways.
Interestingly, in this study, we observed that bes1-D had
significantly enhanced rosette branching phenotype, and the
BES1-RNAi line (Yin et al., 2005) had only one bolt. Furthermore,
we found that BES1 and its homologs can interact with MAX2,
and BES1 protein acts as a substrate of MAX2 for degradation.
The reduced expression of BES1 and its homologs can dramat-
ically suppress the enhanced branching phenotype in max2
mutant. Taken together, these data support that BES1 is a direct
target of MAX2 and acts as a negative regulator of SL signaling
pathway to promote shoot branching.
RESULTS AND DISCUSSION
BES1-Related Mutants Display Altered Shoot Branching
Phenotype
We found that bes1-D, a BES1 gain-of-function mutant in Arabi-
dopsis, exhibited the phenotype of enhanced shoot branching
(Figure 1A). In addition, plants expressing bes1-D driven by
a MAX2 promoter showed a phenotype with dramatically
increased axillary bud, leaf numbers in rosette centers, and
rosette branch number, whichwas greatly similar tomax2-1 (Fig-682 Developmental Cell 27, 681–688, December 23, 2013 ª2013 Elsevier Inc.ures S1A and S1B available online).
Furthermore, we observed that a BES1-
RNAi line (Yin et al., 2005) in which
transcript levels of BES1 and Brassina-
zole-resistant 1 (BZR1) were significantly
reduced (Figure S1C), had only one bolt
(Figures 1A and 1B). However, we did
not observe a greatly altered branching
phenotype in other BR-related mutants,
including the BR-insensitive mutants
bri1-301 and bin2-1, a BRI1 overexpres-
sion line (BRI1-OX), and a triple knockout
line (bin2-3bil1bil2) of BIN2 and its twohomologs (Figure S1D), suggesting that under normal growing
conditions the regulatory mechanism of BES1 by upstream BR
signaling may not significantly alter the branching phenotype.
SL Responses Are Dramatically Compromised in bes1-D
Mutant
SLs are widely recognized as shoot branching regulators, and a
loss-of-function mutant of a critical component in SL signaling
pathway, max2-1, has long hypocotyl and increased branch
number, which are largely similar to bes1-D. Therefore, we tested
whether the altered branching phenotypes in the BES1-related
mutants were regulated by SLs, and found that, unlike the wild-
type and a SL-deficient mutant max3-1, bes1-D mutant was
insensitive to the applied GR24, a synthetic analog of SLs inhib-
iting shoot branching, similar to max2-1 (Figure 1C). It is known
that SLs inhibit hypocotyl elongation, and max2-1 mutant dis-
plays a longer hypocotyl (Stirnberg et al., 2002; Tsuchiya et al.,
2010). Therefore, we measured the sensitivity of bes1-D to SLs
in hypocotyl elongation and found that bes1-D and max2-1 ex-
hibited normal hypocotyl elongation, even in the presence of
GR24 (Figure 1D). However, wild-type seedlings grown on
20 mM GR24 were only 30% the height of seedlings grown
without GR24 (Figure 1D). GR24 can still significantly inhibit
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hanced BR signaling, including BRI1-OX and bin2-3bil1bil2 (Fig-
ure S1E), suggesting that BES1 is a critical component involved
in SL-mediated shoot branching and hypocotyl elongation.
To explore how BES1 is involved in SL responses, we
measured expression levels of the known SL downregulated
genes, including MAX3 and MAX4 (Mashiguchi et al., 2009) in
bes1-D and the BES1-RNAi line. We observed the transcript
levels of bothMAX3 andMAX4 in bolts (basal cauline internodes)
and hypocotyls were significantly enhanced in max2-1 and
bes1-D as compared with their wild-types (Figures 1E and 1F),
whereas their expression was significantly suppressed in the
BES1-RNAi line (Figures 1E and 1F).
BES1 and Its Homologs Interact with MAX2 In Vitro and
In Vivo
In order to identify substrates of MAX2 in plants, we created
MAX2-HA transgenic plants and conducted liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) experiments
with anti-HA immunoprecipitated proteins from the MAX2-HA
plants. Significantly, we identified BZR1, a homolog of BES1,
as a putative interactor of MAX2 (Figure S2A). S phase kinase-
associated protein 1 (SKP1) and its homolog SKP1B, compo-
nents connecting F box proteins with Cullin 1 in the SCF
complex, were also identified several times (Figures S2B–S2E;
Table S1). To determine whether BES1, BZR1, and their homo-
logs can interact with the E3 ligase MAX2, we tested their phys-
ical interaction by yeast 2-hybrid assays and found that among
BES1, BZR1, and the four other homologs, BEH1, BEH2,
BEH3, and BEH4 (Yin et al., 2005), except for BEH1, all others
directly interacted with MAX2 (Figure 2A). Bimolecular fluores-
cence complementation (BiFC) assays in pavement cells of
Nicotiana benthamiana indicated that BES1, BZR1, and BEH2
can interact with MAX2 in the nucleus, and BEH3 can interact
with MAX2 both in the nucleus and the cytoplasm, whereas little
fluorescent signal was detected in cells expressing MAX2 with
BEH1 or BEH4 (Figure 2B). Immunoprecipitation experiments
demonstrated that BES1 can interact with MAX2 in vivo (Fig-
ure 2C). Using truncated BES1 constructs (Figure 2D), we found
the proline-, glutamic-acid-, serine-, and threonine-rich (PEST)
domain of BES1 is required and sufficient for its interaction
with MAX2 in yeast (Figure 2E). Interestingly, bes1-D, a stable
form of BES1 protein with a mutation in the PEST domain (Yin
et al., 2002) interacted only slightly with MAX2 (Figures 2D and
2E). Although BES1 phosphorylation is a major mechanism for
regulating its activity in BR signaling (Yin et al., 2002; Vert and
Chory, 2006), our pull-down experiments with protein samples
from BR-treated or untreated plants indicated that MAX2 can
interact with both phosphorylated and dephosphorylated BES1
(Figure 2F). In addition, GR24 treatment apparently had no effect
on their interaction (Figure 2G). Considering the enhanced
branching phenotype of bes1-D (Figure 1A), we therefore hy-
pothesized that MAX2 most likely represses shoot branching
by directly interacting with BES1 and its homologs and promot-
ing their degradation.
GR24 Promotes MAX2-Dependent Degradation of BES1
To investigate whether MAX2 regulates BES1 degradation, we
conducted BES1 ubiquitination assays and found BES1 canDevelopmebe highly polyubiquitinated by protein extract from MAX2-HA
plants (35S::MAX2-HA/max2-1) (Figures 3A and S3A). However,
it was only slightly affected by protein extract from max2-1
plants (Figure 3A), indicating that MAX2 is involved in BES1 ubiq-
uitination. Furthermore, BES1 protein accumulated inmax2-1 as
compared with that in MAX2-HA and Col-0 (Figure 3B). The
phosphorylated and dephosphorylated BES1 both decreased
in the presence of MAX2 in plants (Figures 3B and 3C). Using
a cell-free protein degradation system (Wang et al., 2009), we
incubated the recombinant protein MBP-BES1 with total protein
extracts from MAX2-HA or max2-1 plants and monitored the
amount of MBP-BES1 remaining in the reactions by western
blotting after different times. The results indicated that the
degradation rate of MBP-BES1 was much slower in max2-1
than in MAX2-HA plants (Figures 3D and 3E), further supporting
MAX2-mediating BES1 degradation. Consistently, the phos-
phorylated MBP-BES1 by BIN2 kinase was also degraded
with a faster rate in MAX2-HA than in max2-1, although the
phosphorylated MBP-BES1 was generally very unstable
in vitro (Figures S3B and S3C).
When we incubated BES1 and bes1-D recombinant proteins
with protein extracts from the MAX2-HA plants, bes1-D was
more stable than BES1 (Figures 3D and 3E), consistent with
MAX20s inability to interact with bes1-D (Figure 2E). Addition of
MG132, a 26S proteasome inhibitor, in the reaction made
BES1 more stable (Figures 3D and 3E), indicating that the
MAX2-mediated BES1 degradation is dependent on the 26S
proteasome. Taken together, the results demonstrate that
MAX2 regulates BES1 ubiquitination and degradation. Because
BZR1 is the closest homolog of BES1 and can interact with
MAX2, we further performed in vitro degradation assay using
MBP-BZR1 as a substrate and found that BZR1 can be
degraded in a MAX2-dependent manner (Figures S3D and
S3E). However, unlike bes1-D, bzr1-D, a gain of function mutant
of BZR1, which has the same amino acid substitution in PEST
domain of bes1-D, showed normal rosette branch number (Fig-
ures S3F and S3G).
We then asked whether the MAX2-mediated BES1 degrada-
tion is regulated by SLs. We treated the MAX2-HA plants with
5 mM GR24 for 1 hr and found the amount of endogenous
BES1 was drastically decreased, whereas the GR24-induced
BES1 reduction was blocked in max2-1 (Figures 3F and 3G).
Using protein extracts fromMAX2-HA plants, in a cell-free pro-
tein degradation assay, we found that GR24 promoted MBP-
BES1 degradation, but its effect on MBP-BES1 degradation
was largely reduced with extract from max2-1 (Figures 3H
and 3I). We treated segments of main stems (containing basal
internodes) of the pBES1-BES1-GFP transgenic plants with
GR24, and found that GR24 can significantly induce a reduc-
tion of the fluorescent signal of BES1-GFP in vascular paren-
chyma cells (Figures 3J and 3K). These results suggest
BES1 degradation is regulated by SLs. AtD14, a putative
receptor of SLs, is another potential component in the SL
signaling pathway (Zhao et al., 2013; Kagiyama et al., 2013),
so we tested whether AtD14 is involved in BES1 degrada-
tion using a cell-free protein degradation assay, and we
found that additional AtD14-His protein enhanced BES1
degradation with protein extracts from atd14-1 plants (Figures
3L and 3M).ntal Cell 27, 681–688, December 23, 2013 ª2013 Elsevier Inc. 683
Figure 2. BES1 and Its Homologs Interact with MAX2 Both In Vitro and In Vivo
(A) Interactions of MAX2 with BES1 and its homologs by yeast 2-hybrid assays.
(B) Interactions of MAX2 with BES1 and its homologs by BiFC assays. Scale bars represent 20 mm.
(C) Coimmunoprecipitation of BES1-FLAGwithMAX2-HA in plants. Plants expressing both the 35S::MAX2-HA and the 35S::BES1-FLAGwere used. Plants solely
expressing the 35S::MAX2-HA were used as a negative control.
(D) Schematic representation of various truncated BES1s. A single amino acid substitution (Pro to Leu) in the PEST domain identified in bes1-Dmutant (Yin et al.,
2002) was indicated in g.
(E) The PEST domain of BES1 is required and sufficient for its interaction with MAX2. The corresponding portions of BES1 were indicated in (D).
(F) Both phosphorylated and dephosphorylated BES1 can interact with MAX2. MAX2-MBP and MBP stained with Ponceau S showed equal loading.
(G) GR24 does not affect the interaction between BES1 and MAX2. BES1-MBP and MBP stained with Ponceau S showed equal loading.
See also Figure S2 and Table S1.
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Branching Phenotype ofmax2-1
If BES1 acts as a negative component downstream of MAX2 in
the SL signaling pathway, we would predict plants without
BES1 will suppress the enhanced branching phenotype of
max2-1. To test this hypothesis, we made BES1-RNAi trans-684 Developmental Cell 27, 681–688, December 23, 2013 ª2013 Elsgenic plant in max2-1 background (BES1-RNAi/max2-1 line 1
with a great reduction of endogenous BES1 and reasonable
fertility) and found that BES1-RNAi can knock down expression
of BES1, BZR1, BEH2, and BEH3, leading to a decreased BES1
protein level in max2-1 and a significant reduction of rosette
branch number (Figures 4A–4D). We created more BES1-RNAievier Inc.
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BES1 and BZR1 in max2-1 background, and these were some-
what less-effective knockdowns and showed correspondingly
similar but milder phenotypes (Figures 4C and S4A–S4C). More-
over, the reduced mRNA levels of BES1 and its homologs were
correlated with the reduced branch number (Figures 4B, 4D,
S4B, and S4C). Expression of SL-responsive genes, MAX3 and
MAX4, was also downregulated in the BES1-RNAi/max2-1 line
1 as compared with max2-1 (Figure 4E). Moreover, hypocotyl
elongation, a BR signaling-related phenotype, in max2-1 was
greatly suppressed by reduced expression of BES1 and its ho-
mologs (Figure 4F). Therefore, the genetic analysis strongly sug-
gests that BES1 functions as a negative regulator downstream of
MAX2 to inhibit SL signaling and promote shoot branching.
These data support a strigolactone signaling pathway inArabi-
dopsis. As shown in Figure 4G, although MAX2 and BES1 are
routinely associated with each other, SL binding to AtD14 may
facilitateBES1degradationbyMAX2,whichaltersSL-responsive
gene expression and inhibits shoot branching. This pathway is
largely reminiscent of gibberellin signaling pathway, in which
transcription repressor protein DELLA proteins regulate GA-
responsive gene expression through the receptor, GID1, and F
box protein GID2-mediated degradation (McGinnis et al., 2003;
Murase et al., 2008), and both GID1 and AtD14 belong to the a/
b hydrolase superfamily (Ueguchi-Tanaka et al., 2005; Zhao
et al., 2013).However,wedidnotdetect aphysical interactionbe-
tween AtD14 andMAX2 with in vitro pull down assays, which dif-
fers from the observation from DAD2, an AtD14 ortholog found in
petunia (Hamiaux et al., 2012; Waters et al., 2012). This discrep-
ancy may be resulted from functional diversity of D14 and MAX2
among different species. Another possibility is that MAX2 and
AtD14 may form a complex mediated by repressor proteins,
such as BES1 in Arabidopsis. SLs may induce the interaction of
AtD14 with BES1 to facilitate BES1 degradation by MAX2.
This discovery provides insight into a significant mechanism
by which BR and SL signaling pathways share common tran-
scription factor, BES1. The broadly expressed BR signaling
components regulate BES1 activity mainly through phosphory-
lation and dephosphorylation (Yin et al., 2002; Vert and Chory,
2006; Yang et al., 2011), whereas in SL signaling, both phos-
phorylated and dephosphorylated BES1 can be degraded by
MAX2, and the dephosphorylated one seems to be degraded
faster in plants (Figure 3C and 3G). However, whether and
how the phosphorylated BES1 is active in the SL signaling is
an interesting question for further investigation. In addition,
the spatiotemporal expression (parenchyma cells of xylem) of
MAX2 (Stirnberg et al., 2007) likely controls BES1 protein level
only in certain tissues to determine specificity of SL signaling.
We also observed that plants expressing bes1-D driven by a
MAX2 promoter showed a phenotype with dramatically
increased axillary buds, leaf numbers in rosette centers and
rosette branch number, which is greatly similar to max2-1 (Fig-
ures S1A and S1B), suggesting that BES1 local accumulation in
parenchyma cells of xylem likely also accounts for its role in SL
signaling and shoot branching.
In this study, we found BZR1 is an interactor and degradation
target of MAX2, but it may not be a major factor to inhibit the SL-
mediated shoot branching. Although both bzr1-D and bes1-D
have longer hypocotyls in the dark, their plants have differentDevelopmephenotypes in the light. Unlike bes1-D plants, the light-grown
bzr1-D plants have slightly dark green leaves, shorter hypo-
cotyls, and shorter petioles than the wild-type (Wang et al.,
2002), and but have normal branching (Figures S3F and S3G).
Therefore, BZR1 may be involved in other MAX2-mediated
developmental processes, which need to be explored.
In addition, the studymay also provide a clue to investigate the
signaling pathway of karrikins, a class of butenolide compounds
and SL structurally-related molecules. The downstream compo-
nents of KAI2, a putative receptor of karrikins (Dixon et al., 2009),
are also unknown. Although karrikins and strigolactones can
promote seed germination, inhibit hypocotyl elongation, and
regulate expression of a common subset of genes inArabidopsis
through their putative receptors KAI2 and AtD14, respectively
(Nelson et al., 2011; Waters et al., 2012; Zhao et al., 2013;
Bythell-Douglas et al., 2013), they also control distinct develop-
mental processes, as evidenced by kai2 having longer hypo-
cotyls without enhanced branching, but atd14 having more
shoot branches without longer hypocotyls (Waters et al., 2012).
Interestingly, because max2-1 and bes1-D have phenotypes of
both longer hypocotyl and enhanced branching (Stirnberg
et al., 2002; Nelson et al., 2011), it is possible that MAX2 and
BES1 family proteins are shared by the karrikin and strigolactone
signaling pathways in Arabidopsis, which is of great interests for
future investigation.
EXPERIMENTAL PROCEDURES
Plant Materials and Growth Conditions
The Columbia (Col-0) and Enkheim-2 (En2) ecotypes, as well as max2-1,
atd14-1, 35S::MAX2-HA/max2-1 line, BES1-RNAi, bes1-D, BES1-RNAi/
max2-1 and MAX2PRO::bes1-D were used in this study. bes1-D is in the En2
background, and other single mutants are in the Col-0 background. The
35S::MAX2-HA/max2-1 line was generated by expressing 35S:: MAX2-HA in
max2-1 mutant, and the MAX2-HA expression in max2-1 completely rescued
its branching phenotype. Generation of transgenic lines and phenotypic anal-
ysis were described in the Supplemental Experimental Procedures.
Yeast 2-Hybrid Assays
The full-length and truncated BES1s were cloned into the pEXAD502 vector,
and the full-length MAX2 was cloned into the pDBLeu vector. Interactions in
yeast were tested on SD medium minus Leu, Trp, and His.
Bimolecular Fluorescence Complementation
MAX2 was fused with N-terminal YFP, and BES1 or its homologs were fused
with C-terminal YFP. Using Agrobacterium-mediated transformation, MAX2-
nYFP and BES1-cYFP (or other homologs fused with cYFP) were coinjected
into Nicotiana benthamiana leaves. After 3 days, the injected leaf areas were
observed with confocal laser scanning-microscopy.
Observation of BES1-GFP in Stems
The pBES1::BES1-GFP plants were used. The method for observing PIN1-
GFP in xylem parenchyma cells was used with some modifications (Crawford
et al., 2010). The detailed procedure was described in the Supplemental
Experimental Procedures.
Microscopy and Image Analysis
Confocal laser scanning-microscopy was performed using Leica TCS SP8
confocal microscope.
Cell-free Protein Degradation Assay
Arabidopsis seedlings were grown at 23C under long-day condition (16 hr
light/8 hr dark cycles), and were subsequently harvested and ground to a fine
powder in liquid nitrogen. Total proteins were extracted in degradation bufferntal Cell 27, 681–688, December 23, 2013 ª2013 Elsevier Inc. 685
Figure 3. GR24 Accelerates MAX2-Dependent BES1 Degradation
(A) In vitro ubiquitination assay of BES1. Endogenous tubulin detected with antitubulin antibody showed equal loading.
(B) Immunodetection of endogenous BES1 in themax2-1 and theMAX2-HA plants. Endogenous tubulin detectedwith antitubulin antibody showed equal loading.
(C) Quantification of the relative levels of pBES1 and BES1 in (B). The protein levels of pBES1 and BES1 in max2-1 were defined as ‘‘1,’’ respectively. Data
are means ± SE (n > 3).
(D) Reduced degradation of MBP-BES1 in the max2-1 plants and MBP-bes1-D in the MAX2-HA plants. In vitro cell-free degradation assays were conducted.
(E) Quantification analysis for (D). The relative levels of MBP-BES1 or MBP incubated with indicated plant extracts at 0 min were defined as ‘‘1.’’ Data are
means ± SE (n > 3).
(F) Endogenous BES1 levels in max2-1 and the MAX2-HA plants without or with 5 mM GR24 treatment. Endogenous tubulin detected with antitubulin antibody
showed equal loading.
(G) Quantification analysis for (H). The protein levels of pBES1 and BES1 in mock treatment ofmax2-1 andMAX2-HA were defined as ‘‘1.’’ Data are means ± SE
(n > 3).
(H) GR24 promotes BES1 degradation. In vitro cell-free degradation assays were conducted.
(legend continued on next page)
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Figure 4. BES1 Acts Downstream of MAX2
to Regulate Shoot Branching
(A) BES1-RNAi suppresses branching pheno-
type of max2-1. Scale bar represents 3 cm.
Branching phenotype of the 5-week-old plants
were viewed from the side (top) and the top
(bottom).
(B) Expression levels of BES1 and BZR1 are
drastically reduced in the BES1-RNAi/max2-1
line1 as compared with that in max2-1. The
expression levels of BES1, BZR1, BEH2, BEH3,
MAX3, and MAX4 in max2-1 were defined as
‘‘1.’’ Data are means ± SE (n = 3).
(C) Protein level of BES1 is decreased in BES1-
RNAi/max2-1 line1 and line2 as compared with
that in max2-1.
(D) Shoot branch number is significantly
reduced in BES1-RNAi/max2-1 line1 as
compared with that in max2-1. Data are
means ± SE (n > 10).
(E) Expression levels of MAX3 and MAX4 in
BES1-RNAi/max2-1 line 1 and max2-1. The
expression levels of BES1, BZR1, BEH2, BEH3,
MAX3, and MAX4 in max2-1 were defined as
‘‘1.’’ Data are means ± SE (n = 3).
(F) Hypocotyl elongation is suppressed in BES1-
RNAi/max2-1 line 1 as compared with that in
max2-1. Hypocotyls of the 6-day-old seedlings grown under the long day condition(16 hr light/8 hr dark cycles) were measured. Data are means ± SE
(n > 30).
(G) A proposed model to illustrate a strigolactone signaling pathway in Arabidopsis. The F box protein MAX2 constantly interacts with BES1 through
PEST domain. The SL binding to AtD14 facilitates degradation of BES1 by MAX2 to inhibit shoot branching.
Student’s t tests were used to determine significant levels of the indicated comparisons. Significance levels: ***p < 0.001. See also Figure S4.
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5 mM DTT, and 10 mM ATP as previously described (Wang et al., 2009). Cell
debris was removed by 23 10 min centrifugations at 17,0003 g at 4C. Total
protein extracts prepared frommax2-1 andMAX2-HA seedlingswere adjusted
to equal concentration with the degradation buffer, in which the recombinant
proteins were incubated at different time. The detailed procedure was
described in the Supplemental Experimental Procedures.
In Vitro Ubiquitination Assay
The purified MBP-BES1 protein bound to Amylose Resin (NEB) was incubated
at 23C with equal amounts of crude extracts ofMAX2-HA andmax2-1 plants
in degradation buffer with 50 mM MG132. After incubation at indicated time
points under 23C, MBP-BES1 and MBP-BES1-Ub fusion proteins were
eluted at room temperature. The supernatants containing MBP-BES1 and
MBP-BES1-Ub were separated on SDS-PAGE gel and detected by western
blotting with antibodies against MBP or Ubiquitin.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2013.11.010.(I)Quantificationanalysis for (H).The relative levelsofMBP-BES1orMBP incubatedwi
(J) GR24 induces reduction of fluorescent signal of BES1-GFP in vascular pa
measured. Scale bars represent 100 mm.
(K) Quantification of BES1-GFP signal in nuclei of (J). The signal intensity of image
means ± SE (n > 10).
(L) AtD14mediates BES1 degradation. In vitro cell-free degradation assayswere c
additional AtD14-His protein.
(M) Quantification analysis for (L). The relative levels of MBP-BES1 or MBP incuba
SE (n > 3).
Student’s t tests were used in (K) to determine significant levels of the indicated
Figure S3.
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